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Introduction
Lithium ion batteries have been attracting widespread interest over recent decades to meet the urgent needs for applications in both fully electric vehicles and hybrid electric vehicles. 1, 2 Research into lithium iron phosphate, LiFePO 4 , has been gaining momentum due to its promising electrochemical properties as a cathode material for lithium-ion batteries, [2] [3] [4] [5] such as its high theoretical capacity (170 mA h g À1 ), flat voltage plateau (3.4 V vs. Li + /Li), and low environmental impact. These factors have allowed application of lithium-ion batteries in large-scale devices such as plug-in hybrid vehicles and electric vehicles. However, LiFePO 4 is a poor electronic conductor, with a reported conductivity of B10 À9 S cm
À1
at room temperature, which thus limits both diffusion and electrochemical response during lithium insertion/ extraction. 6, 7 In order to improve the properties of existing LiFePO 4 -based electrode materials, extensive efforts have been made by electrochemical researchers, which include particle size control and manipulation, surface modification of particles by coating with electronically conductive agents, and atomic-level doping with supervalent cations. [8] [9] [10] [11] [12] Carbon coating is a common strategy to optimize the electrochemical performance of cathode materials. The carbon network restricts the growth of the LiFePO 4 particles and inhibits particle agglomeration, thereby shortening the diffusion path of lithium ions and providing a conductive bridge to the LiFePO 4 particles, which facilitates charge transfer. Wang et al. 13, 14 recently demonstrated, however, that a partly non-continuous carbon layer could not allow electrons to reach all the positions where Li + ion intercalation took place. Therefore, the formation of a uniform and sufficient, or carefully controlled, carbon layer is essential for excellent electrochemical performance of LiFePO 4 . In most cases, the coated conductive layer is amorphous 15, 16 or semi-graphitic 13 carbon and cannot cover entire LiFePO 4 particles. A uniform graphitic carbon shell with relatively high electronic conductivity is rarely reported.
In 2002, Chung et al. 17 investigated different cation dopants to determine the effects of aliovalent doping on the electronic conductivity of LiFePO 4 , which sparked numerous studies looking at crystallo-chemical modification of LiFePO 4 . Reports indicated, via structural and electrochemical analyses, that cation doping could decrease the lithium miscibility gap, favor phase transformation kinetics in cycling, expand diffusion channels, and introduce controlled atomic disorder into the ordered olivine structure. 10 In this work, our strategy revolves around the formation of a three-dimensional (3D) carbon network, combined with Mo 6+ doping in a single synthetic procedure, in order to optimize the electrochemical performance of LiFePO 4 cathode materials. Mo-doped LiFePO 4 /C nanocomposites were successfully synthesized using the facile and fast synthesis method of microwaveassisted solid-state reaction. It was found that the high valence of Mo 6+ allows or promotes cation substitution onto the Fe sites, and this leads to a displacement of the corresponding quantity of Fe-ions to the Li sites, which may act to facilitate Li + diffusion through one-dimensional (1D) channels along the [010] direction in combination with Li-ion vacancies. Furthermore, we speculate that Mo 6+ doping leads to a change in the electronic structure of Mo-doped LiFePO 4 /C due to the injection of electrons near the Fermi level, 18 thus improving the electronic conductivity of the LiFePO 4 /C materials. In comparison to furnace heating, the microwave-assisted solid-state method can significantly shorten the reaction time, and relatively small crystals can be obtained, reducing the diffusion path of lithium ions and further enhancing the rate performance of the material. It was also found that an in situ generated thin graphitic carbon layer uniformly covers individual LiFePO 4 particles, which effectively avoids undesirable particle growth and serves as an electron conductor. Furthermore, the in situ graphitic carbon layer connects with the surrounding amorphous carbon to form a 3D carbon network, providing an effective charge transport pathway.
Experimental
Stoichiometric quantities of CH 3 COOLiÁ2H 2 O and (NH 4 ) 2 HPO 4 were ground in an agate mortar with a pestle for B30 min to form a homogeneous mixture. These solid starting materials underwent a one-step solid-state reaction as reported earlier [19] [20] [21] and morphed into a soft and pulpy mixture, and then into solid powder. FeC 2 O 4 Á2H 2 O and a small quantity of citric acid with/ without Na 2 MoO 4 were then added, mixed, and ground for 1 h. The molar ratio of CH 3 COOLiÁ2H 2 O to Na 2 MoO 4 was 99 : 1. A self-assembly carbon seal reactor [19] [20] [21] with these precursor materials inside it was then put into a microwave oven (3.0 GHz, 850 W). After 15 min of microwave irradiation, the final samples were obtained, and the powders were further milled for electrochemical testing.
The crystalline phase of the resulting materials was analyzed by powder X-ray diffraction (XRD, MXP18AHF, MAC, Japan), which was carried out using Cu Ka radiation (l = 1.54056 Å ). Data were collected from 10 to 801 in 2y, with a step size of 0.121 and 1.0 s per step. High-resolution synchrotron XRD (SXRD) data were collected on the Powder Diffraction Beamline (10-BM-1) 22 at the Australian Synchrotron using a wavelength (l) of 0.68788(2) Å , determined using the National Institute of Standards and Technology (NIST) 660a LaB 6 standard reference material. Powder samples were packed and sealed in 0.5 mm glass capillaries, and data were collected for 6 minutes at ambient temperature using Debye-Scherrer geometry. Thermogravimetric analysis (TGA) was carried out to determine the carbon content with a TGA/DSC type instrument (METTLER TOLEDO, Switzerland) at a heating rate of 10 1C min À1 from room temperature to 800 1C in air. Transmission electron microscope (TEM) investigations were performed using a JEOL 2011F analytical electron microscope (JEOL, Tokyo, Japan) operating at 200 keV. X-Ray photoelectron spectroscopy (XPS) experiments were carried out on a VG Scientific ESCALAB 220IXL instrument using aluminium Ka X-ray radiation during XPS analysis.
To prepare the working electrode for electrochemical testing, a cathode slurry was prepared by thoroughly mixing 85 wt% active material, 10 wt% acetylene black, and 5 wt% poly(vinylidene fluoride) (PVdF) in N-methyl pyrrolidinone (NMP) solvent. The cathode slurry was then spread onto aluminium foil substrates and dried in a vacuum oven at 120 1C for 12 h. The electrochemical tests were carried out on CR2032 coin type cells. The cells were constructed of a lithium foil anode, the prepared active material on aluminium as a cathode, microporous polyethylene (Celgard 2400) as the separator, and 1 M LiPF 6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1 : 1 by volume) as the electrolyte. The whole assembly process was carried out in an argon-filled glove box. Cyclic voltammograms (CVs) were collected from 2.5 to 4.1 V using a CHI660B electrochemical workstation (CHI, 660B, CHENHUA, China). The charge/discharge cycling was performed within a voltage range of 2.5-4.1 V on a battery test instrument (CT2001A, KINGNUO, China) at ambient temperature.
Results and discussion
XRD patterns of the as-prepared LiFePO 4 /C and Mo-doped LiFePO 4 /C are shown in Fig. 1 . The presence of sharp and well-defined Bragg peaks, which visually match the expected reflections from the olivine LiFePO 4 structure, suggests the presence of crystalline products. 23 No significant signal was associated with carbon, which indicates that the residual carbon is amorphous or that the carbon layer on LiFePO 4 particles is thin. 24 The carbon content in the obtained Mo-doped View Article Online or undoped LiFePO 4 /C is about 12 wt% by thermogravimetric analysis (see Fig. S1 , ESIw). High resolution SXRD data were collected on the doped sample, and the Rietveld-refined model of LiFePO 4 fitted to the SXRD data is shown in Fig. 2(a) . Fig. 2 for Li extraction and insertion if the particle size is small enough (less than a few tens of nanometres) and the doping level is low (a few percent). 10 Considering the small crystal size (30-50 nm as shown in the high resolution TEM (HRTEM) image in Fig. 3(b) ) and the low doping level (1%) in the Mo-doped LiFePO 4 /C, we propose that the channel blocking effect of the Mo ions is likely to be negligible and that such an effect would easily be overcome by the presence of Li-ion vacancies.
The particle size and morphology of the Mo-doped LiFePO 4 /C were characterized by TEM, as shown in Fig. 3 . An HRTEM image is shown in Fig. 3(b) , which clearly reveals that the particle size of Mo-doped LiFePO 4 /C is in the range of 30-50 nm, and that the particles are completely covered by a thin layer of carbon (5 nm) to form a LiFePO 4 /C core-shell structure. The fast and View Article Online effective microwave heating leads to small LiFePO 4 particles and in situ coating of carbon on the particles, which readily inhibits agglomeration and further crystal growth. It is interesting to note that the carbon shell, which is thin enough to allow penetration of lithium ions, is graphitic carbon within a larger amorphous carbon network. Therefore, this can be considered as a specialized double carbon structure, i.e. graphitic carbon shells uniformly covering the surfaces of the individual LiFePO 4 particles and an amorphous carbon surrounding region. The latter plays the role of bridging the LiFePO 4 particles to form a 3D electronically conductive interconnected network, which will significantly enhance the electronic conductivity of the material. The 3D carbon network could also ensure that electron transport occurs in all directions towards the locations of lithium ion insertion/extraction. In Fig. 3(b) , the 0.25 nm and 0.43 nm lattice fringes were indexed to the (131) and (011) planes, respectively, of orthorhombic LiFePO 4 . The inset of Fig. 3(b) shows the corresponding selected area electron diffraction (SAED) pattern, indicating the highly crystalline nature of the sample.
X-Ray photoelectron spectra exhibiting Mo, C, and all the elements of LiFePO 4 are shown in Fig. 4 . Li 1s could not be seen clearly because it is superimposed on the Fe 3p peak at about 56 eV. 25 The binding energy of P 2p, C 1s, and O 1s was determined to be 133.7 eV, 284.9 eV, and 531.6 eV, respectively. A satellite peak to the main Fe 2p 3/2 peak (711.6 eV) at the higher binding energy of 716.3 eV was observed in the Mo-doped LiFePO 4 /C samples. The appearance of this satellite peak is a characteristic feature of transition metal ions with partially filled d-orbitals. 26 The high-resolution XPS spectrum of Mo 3d shows peaks centered at 232.6 eV and 235. 7 . This, in turn, can facilitate lithium ion diffusion in these channels and therefore enhance the electrochemical performance.
Electrochemical measurements confirm the hypothesis that Mo-doping improves performance as proposed above. Fig. 5(a) shows a comparison of the rate performance of the LiFePO 4 /C and the Mo-doped LiFePO 4 /C samples in the potential range of 2.5-4.1 V. The capacities of both samples decrease with increasing current rate, which is associated with the supply of electrons to the active components in the cathode. The discharge capacity of LiFePO 4 /C is 134 mA h g À1 in the first cycle at 0.5 C (where the current density of the 1 C rate is 170 mA g
À1
) and decreases to 126 mA h g À1 after 20 cycles at 1 C. Specific capacities of 118, 112, 107, and 97 mA h g À1 were obtained at current rates of 2.5 C, 4 C, 5 C, and 7.5 C, respectively. For the Mo-doped sample, however, the boundaries to the measured capacities at different current rates (0.5 C, 1 C, and 2.5 C) are not very distinct. After 180 cycles, the discharge capacity drops from 139 mA h g À1 (2.5 C) to 128 mA h g À1 (5 C). Even at a rate of 7.5 C, a reversible capacity of 116 mA h g À1 for Mo-doped LiFePO 4 /C can still be achieved, whereas the value for LiFePO 4 /C is 97 mA h g
. In addition, the original capacity for both samples can be recovered with application of the original current rate of 0.5 C, revealing that the two synthesized samples possess good electrochemical reversibility. The good capacity and high rate capability indicate high electronic conductivity and lithium ion diffusion in the LiFePO 4 / C samples, especially the Mo-doped sample, throughout lithiation/ delithiation.
17 Fig. 5(b) shows representative charge/discharge profiles of the Mo-doped LiFePO 4 /C as a function of the specific capacity for current rates ranging from 0.5 C to 7.5 C. The discharge capacity decreases as the current rate increases, and simultaneously, the polarization in the charge/discharge curves becomes more pronounced. The Mo-doped LiFePO 4 /C electrode This report, however, used a complicated technique of double carbon coating that significantly limits the application of electroactive materials. The excellent electrochemical performance of Mo-doped LiFePO 4 /C at a high current rate can be attributed to: (1) the graphitic carbon coating and the 3D carbon conductive network, which are postulated to significantly improve the electronic conductivity of the material; (2) Mo-doping, which induces or results in Li-ion vacancies, facilitating enhanced lithium ion diffusion; and (3) the relatively small particles fabricated by the fast and effective microwave-assisted solid-state reaction, which reduces the lithium ion diffusion path lengths. The as-prepared Mo-doped LiFePO 4 /C also exhibits excellent cycling performance, with no obvious discharge capacity loss over 2500 cycles at both current rates of 1 C and 5 C, as shown in Fig. 6 . In the first 50 cycles, the cell was charged and discharged at a rate of 1 C, and the capacity increased slightly with cycling. There is obvious fluctuation in capacity, which may be caused by the temperature change during testing and the equipment used. In order to show the amplitude of the fluctuation, Fig. 6(c) and (d) shows the enlarged cycling data for 250-400 and 2250-2500 cycles, respectively. + is still observed, even at the 2500th cycle, demonstrating the excellent electrochemical performance of the electrode. The difference between charge potential and discharge potential (DE) is only minor, which suggests low polarization of the electrode. This is confirmed by the cyclic voltammograms in Fig. 7 .
In order to further illustrate the effects of Mo doping on the electrochemical properties, Fig. 7 compares cyclic voltammograms of LiFePO 4 /C and Mo-doped LiFePO 4 /C at the scan rate of 0.1 mV s
. Both curves exhibit equilibrium anodic potentials at about 3.5 V and cathodic potentials at around 3.4 V vs. Li + /Li, corresponding to the extraction and insertion of lithium ions from LiFePO 4 , respectively. The voltage separation between cathodic and anodic peaks is usually considered to show the reversibility of the electrochemical reaction. Clearly a narrower peak separation and higher peak current are observed for Mo-doped LiFePO 4 /C relative to the undoped LiFePO 4 /C, indicating better reversibility and reduced polarization via Mo doping. 
Conclusions
Mo-doped LiFePO 4 /C composite cathode material has been synthesized via a facile and fast microwave-assisted solid-state reaction. Rietveld analysis shows the incorporation of Mo onto the Fe site in the LiFePO 4 crystal structure, with the corresponding content of Fe being displaced onto the Li site. The Li-ion vacancies that are consequently formed also act to facilitate lithium ion diffusion, which can enhance the electrochemical performance of LiFePO 4 . The relatively small particle size, generated by the fast and effective microwave assisted synthesis, reduces the diffusion path of the lithium ions. The uniform graphitic carbon coating on the Mo-doped LiFePO 4 /C and the 3D carbon network improve electronic conductivity. The combination of these three effects effectively enhances the electrochemical performance of Mo-doped LiFePO 4 /C. The Mo-doped LiFePO 4 /C electrode, when charged and discharged at a constant current rate of 0.5 C, exhibits a capacity of 162 mA h g
À1
. The sample further demonstrates a steady capacity of about 120 mA h g À1 over 2500 cycles at the 5 C current rate, suggesting excellent cycling performance. The Mo-doped LiFePO 4 /C reported here shows good properties for application as a cathode material in high-power lithium batteries.
